PTEN expression is lost in many cancers, and even small changes in PTEN activity affect susceptibility and prognosis in a range of highly aggressive malignancies, such as melanoma and triple-negative breast cancer (TNBC). Loss of PTEN expression occurs via multiple mechanisms, including mutation, transcriptional repression and epigenetic silencing. Transcriptional repression of PTEN contributes to resistance to inhibitors used in the clinic, such as B-Raf inhibitors in BRAF mutant melanoma. We aimed to activate PTEN expression using the CRISPR system, specifically dead (d) Cas9 fused to the transactivator VP64-p65-Rta (VPR). dCas9-VPR was directed to the PTEN proximal promoter by single-guide RNAs (sgRNAs), in cancer cells that exhibited low levels of PTEN expression. The dCas9-VPR system increased PTEN expression in melanoma and TNBC cell lines, without transcriptional regulation at predicted off-target sgRNA binding sites. PTEN activation significantly repressed downstream oncogenic pathways, including AKT, mTOR, and MAPK signaling. BRAF V600E mutant melanoma cells transduced with dCas9-VPR displayed reduced migration, as well as diminished colony formation in the presence of B-Raf inhibitors, PI3K/mTOR inhibitors, and with combined PI3K/mTOR and B-Raf inhibition. CRISPRmediated targeted activation of PTEN may provide an alternative therapeutic approach for highly aggressive cancers that are refractory to current treatments.
INTRODUCTION
Phosphatase and tensin homolog (PTEN) is an important and multifunctional tumor suppressor gene that inhibits a broad range of cellular processes, including survival, cell cycle progression, and migration. 1 Loss of PTEN activity contributes to the development and drug resistance of many malignancies associated with poor outcome. [1] [2] [3] Canonically, PTEN acts as an antagonist of the phosphoinositide 3-kinase (PI3K)/AKT pathway. By converting phosphatidylinositol-trisphosphate (PIP 3 ) to phosphatidylinositol-disphosphate (PIP 2 ), PTEN prevents the activation of AKT, inhibiting AKT-mediated downstream effects that include cell survival; cell cycle progression; and the regulation of transcription, translation, and metabolism. 4 In addition, dephosphorylation of protein sub-strates by PTEN may be responsible for diverse functions, such as the inhibition of migration, induction of cell-cycle arrest, and inhibition of stem cell self-renewal. [4] [5] [6] Loss of PTEN is a very common event in cancer development and progression. Somatic missense mutations, truncating mutations, and deletion of large chromosomal regions in PTEN occur in most cancer types. 7 Beyond mutations, PTEN levels are also regulated by an array of transcriptional and post-transcriptional mechanisms. A number of transcription factors are known to repress PTEN expression, [8] [9] [10] [11] [12] and epigenetic silencing of PTEN by promoter DNA methylation has been reported in endometrial carcinoma, breast cancer, colorectal cancer, and melanoma, among others. [13] [14] [15] [16] [17] [18] [19] [20] Many lines of evidence suggest that PTEN acts as a haploinsufficient tumor suppressor gene, and, consequently, even small changes in PTEN activity can influence cancer development and prognosis, 6, 21, 22 which has the potential to be exploited therapeutically. PTEN expression is reduced or lost in approximately 40% of primary melanomas and 60% of metastases. 17, 23, 24 However, genetic PTEN alterations are only detected in about 10% of melanomas, and PTEN promoter DNA methylation and transcriptional repression may be responsible for PTEN loss in many of the remaining clinical cases. 17, 24, 25 In melanomas harboring V600E BRAF mutation, loss of PTEN expression confers intrinsic resistance to B-Raf inhibitors due to the possibility of escape through AKT pathway activation. [26] [27] [28] [29] [30] [31] Moreover, melanomas that initially respond to B-Raf inhibitors often acquire resistance over prolonged treatment, which is partly attributable to PTEN transcriptional silencing. [32] [33] [34] [35] Combination therapies that target both the PI3K/AKT and Ras/Raf/mitogen-activated protein kinase (MAPK) pathways are being trialed to overcome B-Raf inhibitor resistance in advanced melanoma. 33, [36] [37] [38] [39] PTEN also plays an important role in the context of highly aggressive breast cancers, with the loss of PTEN expression via PTEN promoter DNA methylation documented in up to 30% of sporadic breast tumors. 19, 40, 41 Diminished PTEN expression in breast cancer is positively correlated with poor prognosis, emergence of metastasis, and stem cell-like maintenance and survival, and it has been described as a signature of the aggressive basal-like breast cancer subtype. 3, [42] [43] [44] [45] Since changes in PTEN dose have a significant impact on disease severity 6, 21, 22 and PTEN expression can be regulated transcriptionally and epigenetically in the absence of PTEN mutation, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] we reasoned that transcriptional reactivation of PTEN expression could inhibit progression and increase drug sensitivity in aggressive, PTENdeficient cancers in which PTEN is not mutated. The clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein 9 (Cas9) system, adapted from the acquired immune system of Streptococcus pyogenes, has provided a novel, highly efficient method for targeted gene activation. 46 CRISPR/Cas9 was initially employed for gene-editing applications, in which the endonuclease Cas9 is directed to a target DNA sequence by a single guide RNA (sgRNA) and subsequently induces doublestranded DNA cleavage. [47] [48] [49] The versatility of the CRISPR system was expanded by mutation of the catalytic domains of Cas9 to yield a dead Cas9 (dCas9). dCas9 maintains the ability to be directed to a specific genomic location by altering the sgRNA sequence, but it does not cause DNA double-strand breaks. Instead, dCas9 is fused to a variety of effector domains for transcriptional activation and repression, epigenetic editing, and a range of other functions, many of which have been applied in the field of cancer research. 46, 50 One such effector domain consists of three mechanistically distinct transactivators, VP64, p65, and Rta (VPR). 51 The dCas9-VPR system has achieved unprecedented functional reactivation of epigenetically silenced tumor suppressor genes. 52 Here we establish the efficacy of dCas9-VPR artificial transcription factors (ATFs) to activate PTEN transcription to inhibit the PI3K/AKT/mTOR-signaling axis in melanoma and TNBC cell lines. We demonstrate the utility of this approach as a potential therapy to treat highly aggressive tumors for which no effective treatment is currently available.
RESULTS
From a panel of melanoma and TNBC human cell lines ( Figure 1A) , we selected two lines as models for reactivation of PTEN transcriptionthe melanoma cell line SK-MEL-28, and the TNBC cell line SUM159. These lines carry PTEN wild-type alleles, but they exhibit reduced levels of PTEN expression relative to normal human melanocytes or the normal-like human breast epithelial cell line MCF-10A (Figure 1A; Table S1 ). SK-MEL-28 possesses a BRAF V600E mutation and shows intrinsic resistance to the B-Raf inhibitor dabrafenib, which is enhanced with prolonged dabrafenib treatment. 53 SUM159 is a mesenchymal stem-like TNBC cell line. 54 To reactivate PTEN expression in these lines, we exploited the dCas9-VPR transactivation system ( Figure 1B ). We designed four sgRNAs targeting the PTEN proximal promoter, in a region comprising 300 bp upstream of the PTEN transcription start site ( Figure 1C ; Table S2 ). sgRNA target sites were selected for minimal predicted off-target activity and maximal on-target activity, according to established algorithms. 55, 56 Previous studies with CRISPR-based ATFs have shown that combined delivery of three to four sgRNAs per target provides increased levels of endogenous gene activation. [57] [58] [59] [60] The dCas9-VPR System Specifically Activates PTEN mRNA and Protein Expression
The dCas9-VPR activation system ( Figure S1 ) was stably expressed in SK-MEL-28 and SUM159 cell lines by lentiviral transduction followed by antibiotic selection. dCas9-VPR was delivered with no sgRNA, with individual PTEN-targeting sgRNAs, or with a mix of all four sgRNAs targeting the PTEN proximal promoter. qRT-PCR and Western blot were performed to assess mRNA and protein expression ( Figures 1D and 1E ). In SK-MEL-28, PTEN was significantly activated by the mix of sgRNAs (2.89-fold, p < 0.05) relative to no sgRNA. In SUM159, PTEN was significantly activated by sgRNA À54 (2.27-fold, p < 0.05) and the mix of sgRNAs (2.13-fold, p < 0.05). Western blot results corresponded to the observed changes in mRNA expression. Immunofluorescence confirmed the activation of PTEN in both cell lines with the delivery of either sgRNA À54 or a mix of sgRNAs ( Figures 1H and 1I ). Delivery of dCas9 with no effector domain along with PTEN sgRNAs or dCas9-VPR with sgRNAs targeting the unrelated gene MASPIN resulted in no significant alteration of PTEN mRNA expression ( Figure S2 ).
To investigate the possibility of off-target gene regulation, we analyzed PTEN sgRNA sequences to compile potential genomewide off-target sgRNA binding sites. 61 We then identified those offtarget sequences located in regulatory regions with the potential to modulate gene expression. Nine potential off-target binding sites with proximity to regulatory elements were identified ( Figure 2A ; Table S3 ). qRT-PCR was conducted to assess regulation of these targets by dCas9-VPR, comparing the relevant PTEN-targeting sgRNA to dCas9-VPR with no sgRNA ( Figure 2 ). There was no significant effect on the expression of any of the potential off-target genes in either SK-MEL-28 or SUM159 cell lines ( Figures 2B and  2C) . Previous studies have also demonstrated negligible impact of CRISPR ATFs and epigenetic editors on gene expression or epigenetic modifications at off-target sites. 59, 60, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] 
PTEN Activation Inhibits Oncogenic Signaling Pathways
We next assessed the consequence of dCas9-VPR-mediated reactivation of PTEN on downstream oncogenic signaling pathways (Figure 3A) . In SK-MEL-28, immunoblotting confirmed a significant reduction in levels of phosphorylated (phospho)-AKT at serine (S) 473 when dCas9-VPR was delivered with a mix of four PTEN sgRNAs (0.39-fold, p < 0.05) and a significant reduction in levels of phospho-AKT at threonine (T)308 when dCas9-VPR was delivered with either sgRNA À54 (0.36-fold, p < 0.05) or a mix of sgRNAs (0.39-fold, p < 0.01) ( Figures 3B and 3C ). There was no significant difference in the levels of total AKT protein between these conditions. SK-MEL-28 also showed a small but significant reduction in levels of phospho-mTOR S2448 when dCas9-VPR was delivered with sgRNA À54 alone (0.72-fold, p < 0.05).
In SUM159, there was a significant reduction in levels of phospho-AKT S473 when dCas9-VPR was delivered with PTEN sgRNA À54 (0.47fold, p < 0.05) and a significant reduction in levels of phospho-AKT T308 with both sgRNA À54 (0.40-fold, p < 0.01) and the mix of sgRNAs (0.70-fold, p < 0.05) ( Figures 3B and 3D ). Again, there was no significant difference in the total AKT protein levels between conditions. In addition, SUM159 showed a significant reduction in levels of phospho-mTOR S2448 when dCas9-VPR was delivered with either sgRNA À54 (0.41-fold, p < 0.05) or a mix of sgRNAs (0.45-fold, p < 0.05). As well as inhibiting the AKT/mTOR pathway, PTEN has been shown to reduce MAPK activation via dephosphorylation of the adaptor protein Shc on growth factor receptor tyrosine kinases and integrins. 72 In SUM159, there was a significant reduction in phospho-p44/42 MAPK with both dCas9-VPR with sgRNA À54 alone (0.33-fold, p < 0.05) and with a mix of sgRNAs (0.43-fold, p < 0.05).
PTEN Activation Reduces the Migration of SK-MEL-28 Melanoma Cells
After demonstrating significant inhibition of the AKT/mTOR pathway by forced PTEN reactivation, we investigated phenotypic changes in PTEN-activated SK-MEL-28 cells. PTEN inhibits cell migration via PI3K/AKT pathway antagonism and its protein phosphatase activity. 73 We used a transwell migration assay to assess the potential of SK-MEL-28 cells to migrate across a membrane toward a serum chemoattractant. There were significantly fewer migrating cells when dCas9-VPR was delivered with a mix of four PTENtargeting sgRNAs (54.1% migrating cells relative to no sgRNA, p < 0.05) ( Figures 4A and 4B ). We also conducted immunofluorescence staining for Ki67 to identify actively proliferating cells. We observed a small but significant reduction in the percentage of Ki67 + SK-MEL-28 cells when dCas9-VPR was delivered with a mix of sgRNAs (85.8% Ki67 + cells compared to 95.2% Ki67 + cells with no sgRNA, p < 0.05) ( Figure S3 ).
PTEN Activation Reduces the Resistance of SK-MEL-28 Melanoma Cells to B-Raf and PI3K/mTOR Inhibitors
Loss of PTEN expression has been shown to confer innate and acquired resistance to B-Raf inhibitors in BRAF mutant melanoma through PI3K/AKT activation. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] SK-MEL-28 exhibits both innate and acquired resistance to B-Raf inhibitors. 53 We treated PTENactivated SK-MEL-28 cells with dabrafenib, an FDA-approved B-Raf inhibitor for the treatment of patients with BRAF V600E mutation-positive advanced melanoma. 74 With 72 h dabrafenib treatment, we observed a small but significant increase in the maximum inhibition of cell viability in PTEN-activated SK-MEL-28 cells (51.5% viability for no sgRNA compared to 42.3% viability for sgRNA À54 and 43.0% viability for the mix of sgRNAs, p < 0.01) ( Figure S4 ).
We subsequently determined the capacity of SK-MEL-28 to form colonies in the presence of dabrafenib. Cells were seeded at low density and grown in 5 nM dabrafenib over a period of 3 weeks. As expected, there were significantly fewer colonies per well on average when dCas9-VPR was delivered with a mix of sgRNAs (40.0% of the number of colonies with no sgRNA, p < 0.05) ( Figures 4C and  4D ). Average colony size was also significantly reduced when dCas9-VPR was expressed with a mix of sgRNAs (1.47-mm diameter compared to 2.25-mm diameter with no sgRNA, p < 0.05). These results indicate the possibility of using PTEN activation to reduce the propensity for B-Raf inhibitor resistance that has been observed in many melanomas in the clinical setting.
We next investigated whether PTEN activation could enhance sensitivity to PI3K/mTOR inhibition. Dactolisib is a dual pan-PI3K/mTOR inhibitor that has been administered in combination with B-Raf inhibitors for the treatment of BRAF mutant melanoma in preclinical studies. 75 We again seeded PTEN-activated SK-MEL-28 cells at low density and grew them in 5 nM dactolisib for 3 weeks. There were significantly fewer colonies per well when dCas9-VPR was stably expressed with sgRNA À54 (14.5% of the number of colonies with no sgRNA, p < 0.05) ( Figures 4E and 4F ). In addition, colony diameter was significantly reduced with sgRNA À54 or a mix of sgRNAs (0.59-and 0.53-mm diameter, respectively, compared to 2.0-mm diameter with no sgRNA; p < 0.05).
Colony formation was also significantly inhibited in PTEN-activated SK-MEL-28 cells subjected to combined B-Raf and PI3K/mTOR inhibition. When cells were grown in 5 nM dabrafenib and 5 nM dactolisib for 3 weeks, there were fewer colonies per well when dCas9-VPR was delivered with sgRNA À54 (15.8% of the number of colonies with no sgRNA, p < 0.05) ( Figures 4G and 4H ). While SK-MEL-28 cells treated with the mix of sgRNAs also produced fewer colonies than no sgRNA control when subjected to combination dabrafenib and dactolisib treatment, this effect was not statistically significant. Overall, these results suggest that PTEN activation could potentially sensitize BRAF mutant melanoma to B-Raf and PI3K/ mTOR inhibitors.
DISCUSSION
PTEN is a key tumor suppressor protein whose silencing promotes metastatic behavior and therapy resistance in highly aggressive cancers, including BRAF mutant metastatic melanoma and basal-like TNBCs. 3, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [42] [43] [44] [45] PTEN is lost in these cancers not only by mutation but also through transcriptional and epigenetic silencing in up to 60% of melanomas and 30% of breast tumors. 17, 19, [23] [24] [25] 40, 41 Here we demonstrated the efficacy of the CRISPR/dCas9 system to specifically activate PTEN expression in BRAF mutant melanoma and TNBC cell lines, resulting in significant inhibition of downstream oncogenic signaling pathways involved in cell proliferation and migration. Activation of PTEN was associated with a significant reduction in the levels of phosphorylated AKT (S473 and T308) in both cell lines tested. A greater reduction of phosphorylated mTOR (S2448) was observed in the SUM159 cell line than in SK-MEL-28. SUM159 also showed a significant inhibition of phosphorylated p44/42 MAPK, whereas SK-MEL-28 did not. However, PTEN activation significantly reduced the migratory potential of SK-MEL-28 melanoma cells and increased sensitivity to B-Raf and PI3K/mTOR inhibitors. CRISPR-treated SK-MEL-28 cells exhibited fewer and smaller colonies than control when grown in the presence of the B-Raf inhibitor dabrafenib, and this effect was even more pronounced for both the PI3K/mTOR inhibitor dactolisib and for the combination dabrafenib and dactolisib treatment.
By dephosphorylating phosphoinositides and protein substrates on receptor tyrosine kinases and integrins, PTEN is a master regulator of downstream PI3K/AKT/mTOR-and Ras/Raf/MAPK-signaling pathways, controlling survival, motility, and drug resistance mechanisms. [4] [5] [6] [7] 76 As PTEN possesses intrinsic enzymatic activity, even small changes in functional PTEN levels in cancer cells can elicit profound alterations in cancer progression. 6, 21, 22 Although previous CRISPR activation studies have demonstrated strong activation of multiple loci, 52 the critical importance of PTEN in orchestrating multiple oncogenic signaling pathways may enable significant reprogramming of the cancer kinome and overall cancer phenotype, even with relatively modest levels of PTEN transcriptional activation.
Genome-based CRISPR activation offers several advantages that could be harnessed for precision medicine and for the future treatment of PTEN-deficient cancers. While the frequency of CRISPRmediated genome editing by homology-directed repair can often be lower than 20%, 49,77-79 the efficiency of epigenetic reactivation with dCas9-VPR is highly efficient, as shown by our immunofluorescence analyses of PTEN activation in the transduced cell population. It is also important to note that reactivation of PTEN could benefit patients who have lost one PTEN allele through mutation or deletion, by increasing transcription of the intact allele. Loss of a single PTEN allele is frequently observed during early stages of tumorigenesis. 80 Combining CRISPR activation of PTEN with conventional small molecule inhibitors could provide even more effective tumor inhibition and limit drug resistance, for example, to PI3K/mTOR or B-Raf inhibitors. In addition, CRISPR activation has demonstrated negligible off-target effects, 59, 60, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] and combining CRISPR with chemotherapy could potentially allow for a reduction in the drug dose and associated toxicity in patients.
In both cell lines tested, the sgRNA designed against a binding site closest to the PTEN transcription start site was most effective. A mix of four sgRNAs activated PTEN expression slightly more than the individual most potent sgRNA in the SK-MEL-28 cell line; however, the combination of sgRNAs did not produce more potent activation than this individual sgRNA in SUM159. The results described here only pertain to a single gene, so they cannot be relied upon to predict how CRISPR activation will function for other target genes. However, our results demonstrate that a single sgRNA can perform equally as well as a combination of sgRNAs, at least for PTEN activation. CRISPR activation systems present the future possibility of multiplex gene activation, through the simultaneous delivery of several sgRNAs with each targeting a different cancer-related gene. Such an approach could be used to activate PTEN along with other inhibitors of oncogenic pathways, offering an advantage over traditional gene overexpression from exogenous cDNA. Combining multiple sgRNAs targeting a single gene could remain a worthwhile strategy, as a significant level of gene activation could be achieved while delivering less of each individual sgRNA. 81 This could feasibly reduce the likelihood of transcriptional regulation at off-target binding sites of individual sgRNAs, although such an effect was not experimentally verified here.
Lastly, there is potential for this system to be applied in vivo. Zinc fingers and transcription activator-like effectors (TALEs) have been extensively developed for the activation of tumor suppressor genes and silencing of oncogenes for cancer therapy, and these ATFs have achieved tumor suppression in mouse xenograft tumor models. [82] [83] [84] [85] [86] A hit-and-run approach using transient delivery systems rather than viruses for in vivo applications could lessen safety concerns and reduce off-target effects from the sustained expression of CRISPR editing components. Nanoparticles have been developed to deliver CRISPR components as plasmid DNA, mRNA, and ribonucleoproteins, 78, [87] [88] [89] [90] [91] [92] [93] and polymeric formulations encapsulating chemotherapeutic drugs could be adapted to also carry the CRISPR molecular constituents for combination therapy. 94 Whether the efficiency and longevity of PTEN transcriptional upregulation by dCas9-VPR is sufficient to maintain the effects on the downstream phenotype in vivo remains to be established. It is unclear how long the transcriptional upregulation achieved by dCas9-VPR would be maintained in vivo in the absence of continued effector expression, and this issue cannot be addressed by the in vitro lentiviral delivery model described here. Alternative effector domains that have demonstrated stable epigenetic editing and transcriptional upregulation could be explored to increase the longevity of PTEN activation. 70, 95 Additionally, limitations of transient in vivo delivery methods mean that activation constructs are unlikely to reach all, or perhaps even a majority, of cells in the tumor. However, PTEN has an alternative long isoform that is preferentially secreted, and ubiquitinated PTEN can be exported in exosomes, both of which result in tumor-suppressive effects in the surrounding cells. 96, 97 This suggests the possibility of a paracrine effect of PTEN activation systems on neighboring tumor cells that have not themselves received CRISPR activation components. PTEN transcriptional activation using the CRISPR/dCas9 system has the potential to reduce invasiveness and improve the response to existing chemotherapeutics in aggressive and currently incurable drug-resistant tumors.
MATERIALS AND METHODS

Cell Culture
SK-MEL-28, WM164, WM793, and WM266-4 cell lines were a gift from Peter Leedman, and they were cultured in RPMI-1640 medium without phenol red (produced by the Harry Perkins Institute of Medical Research, Perth, Australia; formulated to ATCC specifications), supplemented with 10% heat-inactivated HyClone fetal bovine serum (FBS; GE Healthcare Life Sciences, Chicago, IL) and 1% antibioticantimycotic (Anti-Anti; Gibco, Fisher Scientific, Hampton, NH). Normal human melanocytes were a gift from Mel Ziman, and they were cultured in melanocyte growth medium M2 (PromoCell, Heidelberg, Germany). SUM159 cells were cultured in F-12 Nutrient Mixture (Gibco) supplemented with 5% FBS, 0.6% 1 M HEPES (Gibco), 5 mg/mL insulin, human recombinant, zinc solution (Gibco), 1 mg/mL hydrocortisone (Merck, Kenilworth, NJ), and 1% Anti-Anti. MCF-10A cells were cultured in DMEM/F-12 medium (Gibco), supplemented with 5% Normal Horse Serum (Life Technologies, Carlsbad, CA), 20 ng/mL EGF Recombinant Human Protein (Gibco), 0.01 mg/mL insulin, human recombinant, zinc solution, 500 ng/mL hydrocortisone, 100 ng/mL cholera toxin (Sigma-Aldrich, St. Louis, MO), and 1% Anti-Anti. BT-549, ZR-75-1, and MDA-MB-468 cell lines were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% Anti-Anti.
sgRNA Target Design and Off-Target Identification
Candidate sgRNA sequences for PTEN activation were identified using the Benchling CRISPR design tool (https://benchling.com/), which provides a score indicating the predicted targeting specificity and off-target binding sites of each sgRNA according to established algorithms. 55, 56 sgRNAs were only considered if they had a specificity score greater than 60 and an efficiency score greater than 30. 47 putative sgRNAs were available in the 250 bp immediately upstream of the TSS of PTEN mRNA transcript variant 1. From these, 4 sgRNAs were selected that had specificity and efficiency scores above the designated thresholds and that were relatively evenly spaced across the target region. Previous studies with CRISPR-based ATFs have shown the combined delivery of three to four sgRNAs per target provides increased levels of endogenous gene activation. [57] [58] [59] [60] The four sgRNA target sequences chosen for PTEN activation, along with their specificity and efficiency scores, are listed in Table S2 .
To identify potential off-target sgRNA binding sites with the potential to modulate gene expression, the software program Cas-OFFinder 61 was used to search for genomic sequences that were highly similar to any of the 4 PTEN sgRNAs and upstream of the S. pyogenes NGG protospacer-adjacent motif (PAM). The search was restricted to offtarget sites with 3 mismatches or less to the corresponding cognate sgRNA sequence. The location of each potential off-target site was compared to UCSC Genome Browser and Encyclopedia of DNA Elements (ENCODE) data to identify proximity to annotated NCBI RefSeq genes, promoters, enhancers, CpG islands, DNase I hypersensitive regions, and transcription factor-binding sites, which would indicate greater potential for the dCas9-VPR complex to modulate gene expression. Nine off-target sequences were found to fall in close proximity to potential regulatory elements (Table S3 ), and they were assessed by qRT-PCR as described below.
Plasmids
The third-generation lentiviral transfer plasmid pLV_dCas9-VPR_sgRNA was cloned by replacing the KRAB domain from pLV_hU6-sgRNA_hUbC-dCas9-KRAB-T2A-Puro (Addgene plasmid 71236, a gift from Charles Gersbach) 98 with the VPR domain from SP-dCas9-VPR (Addgene plasmid 63798, a gift from George Church). 51 For each sgRNA, sense and anti-sense custom DNA oligonucleotides (Integrated DNA Technologies) containing the recognition sequence were annealed and ligated into pLV_dCas9-VPR_sgRNA using T4 DNA ligase (Promega, Madison, WI), as described previously. 99 pLV_dCas9-VPR_sgRNA with no inserted sgRNA recognition sequence was used as a control. The third-generation lentiviral packaging plasmids pMDLg/pRRE (Addgene plasmid 12251) and pRSV-Rev (Addgene plasmid 12253) and envelope plasmid pMD2.G (Addgene plasmid 12259; all gifts from Didier Trono) were used for lentiviral production.
Transient Transfection 4 Â 10 5 SUM159 cells were seeded in each well of a 6-well plate 24 h prior to transfection, in culture medium without Anti-Anti. The next day, each well was transfected using 4.8 mL Lipofectamine 2000 (Thermo Fisher Scientific) in 250 mL Opti-MEM (Gibco) with 2.4 mg total plasmid DNA, according to the manufacturer's protocol. Transfection mix was removed after 4 h and replaced with complete culture medium. RNA was collected from cells 48 h post-transfection.
Lentiviral Production and Transduction
All experiments were approved by the Australian Office of the Gene Technology Regulator (OGTR) under Notifiable Low Risk Dealing (NLRD) approval number 004/2017, and they were conducted in the PC2 laboratory at the Harry Perkins Institute of Medical Research. Lentivirus was produced by transfection of HEK293T cells with thirdgeneration lentiviral transfer, packaging, and envelope plasmids, as described previously. 100 To select for transduced cells, puromycin dihydrochloride (Gibco) was added to the culture medium at a concentration of 1.25 mg/mL for SUM159 and 0.625 mg/mL for SK-MEL-28 over a period of 6 days.
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RNA Extraction and Reverse Transcription
RNA was isolated from transfected or transduced cells by phenolchloroform extraction using QIAzol Lysis Reagent (QIAGEN, Hilden, Germany). 2 mg purified total RNA per sample was used as a template for cDNA synthesis using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA), with the following thermocycling settings: 25 C for 10 min, 37 C for 120 min, and 85 C for 5 min.
qRT-PCR
Real-time qRT-PCR for genes PTEN, GAPDH, GUSB, COL11A2, and SAMD11 was performed using TaqMan Gene Expression Assays (Applied Biosystems), listed in Table S4 . qRT-PCR for genes RAB11FIP1, ATP23, MFSD6, PRCD, CDYL, COX17, and FOXD1 was performed using QuantiFast SYBR Green PCR Master Mix (QIAGEN) and custom-designed primers (Integrated DNA Technologies), listed in Table S5 . qRT-PCR reactions were carried out in the ViiA 7 Real-Time PCR System (Applied Biosystems). TaqMan assays were performed with the following thermocycling settings: 95 C for 20 s, followed by 40 cycles of 95 C for 1 s and 60 C for 20 s. SYBR Green assays were performed with the following thermocycling settings: 95 C for 5 min, followed by 40 cycles of 95 C for 10 s and 60 C for 30 s. Cycle threshold (Ct) was automatically determined for each well using QuantStudio Real Time PCR Software (version [v.]1.1, Applied Biosystems). Relative quantification of gene expression was carried out according to the comparative (DD) Ct method, 101, 102 with GAPDH and GUSB as housekeeping genes.
Protein Extraction and Quantification
Protein was extracted from transduced cells using Cell Lysis Buffer (Cell Signaling Technology, Danvers, MA). Samples were sonicated for 15 s at 10 mA, centrifuged at 16,000 relative centrifugal force (RCF) for 10 min at 4 C, and the supernatant was transferred to a new tube. Protein lysates were quantified using the DC Protein Assay (Bio-Rad, Hercules, CA). The 750-nm absorbance was detected in the PowerWave XS2 Microplate Spectrophotometer (BioTek, Winooski, VT).
Western Blotting 20 mg protein/well was resolved using Mini-PROTEAN TGX Stain-Free Protein Gels (Bio-Rad) at 100 V for approximately 1.5 h. The proteins were transferred from the gel to a 0.2-mm polyvinylidene fluoride (PVDF) membrane (Trans-Blot Turbo Transfer Pack, Bio-Rad) using the TransBlot Turbo (Bio-Rad). Membranes were blocked with 5% skim milk powder in Tris-buffered saline with Tween-20 (TBS-T, Sigma-Aldrich) for 1 h at room temperature with gentle shaking, then incubated with primary antibody diluted in TBS-T at 4 C overnight (antibodies are listed in Table S6 ). The next day, membranes were washed and incubated with secondary antibody diluted in TBS-T for 1 h at room temperature, then visualized by enhanced chemiluminescence using Luminata Crescendo Western HRP Substrate (Merck) with the ChemiDoc MP system (Bio-Rad). Membrane pictures were processed and quantified using ImageLab Software (v.5.2, Bio-Rad). Uncropped images of Western blot membranes from Figures 1 and 3 are displayed in Figure S5 . Immunofluorescence 1 Â 10 5 cells were seeded on poly-L-lysine-(Merck) coated coverslips in 24-well plates. 48 h after seeding, cells were fixed with 4% formaldehyde in Dulbecco's PBS (DPBS) for 20 min at room temperature. Cells were blocked with 5% normal goat serum (Invitrogen, Carlsbad, CA) and 0.3% Triton X-100 (Sigma-Aldrich) in DPBS for 1 h at room temperature, then incubated with primary antibodies in diluent buffer (1% BSA and 0.3% Triton X-100 in DPBS) overnight at 4 C. The next day, cells were washed and incubated with secondary antibody in diluent buffer for 2 h at room temperature, protected from light. Coverslips were mounted on SuperFrost Ultra Plus glass slides (Menzel-Gläser, Thermo Fisher Scientific, Waltham, MA), using SlowFade Diamond Antifade Mountant (Molecular Probes, Eugene, OR). Images were acquired with the Olympus DP71 fluorescent microscope and DP Controller and DP Manager software (Olympus, Shinjuku, Japan). Images were quantified using ImageJ software. Antibodies used for immunofluorescence are listed in Table S7 .
Migration Assay 2 Â 10 4 cells were seeded in medium with 0.05% FBS in the inner chamber of Costar Transwell cell culture inserts (6.5-mm diameter, 8-mm pore size; Corning, Corning, NY). Medium with 5% FBS was added to the outer chamber as chemoattractant. Cells were incubated for 22 h, and then chambers were immersed in 0.5% crystal violet and 25% methanol for 10 min. Images of migrating cells were acquired with the Olympus DP71 fluorescent microscope and DP Controller and DP Manager software (Olympus). The number of migrating cells per field of view in each condition was quantified using ImageJ software to analyze 6 separate fields of view each of the 3 replicate wells.
Cell Viability Assay 4 Â 10 3 cells were seeded in each well of 96-well white-bottom plates (Greiner). 24 h later, cells were treated with dabrafenib (Selleck Chemicals, Houston, TX) and/or dactolisib (Selleck Chemicals) at the indicated concentrations. After 72 h, 10 mL CellTiter Glo Luminescent Cell Viability Assay reagent (Promega) was added to each well, and luminescence was measured using the EnVision 2102 Multilabel Reader (PerkinElmer, Waltham, MA) and Wallac Environ software.
Long-Term Colony Formation Assay 1 Â 10 3 cells were seeded in each well of a 6-well plate. 48 h later, medium with dabrafenib and/or dactolisib (each 5 nM) or DMSO vehicle was added. Cells were grown for 3 weeks, replacing the medium containing drugs or DMSO every 3 days. Cells were fixed by immersion in 100% methanol for 10 min, followed by immersion in 0.5% crystal violet and 25% methanol for 10 min. Plates were washed, dried, and photographed, and the average colony diameter (mm) and number of colonies per well were quantified with ImageJ software.
Statistical Analysis
Statistical analyses were performed with Prism 7 (GraphPad, La Jolla, CA). Statistical significance was determined using the non-parametric Kruskal-Wallis test, comparing the mean of each experimental condition to the mean of the control condition with Dunn's multiple comparisons test. Differences were considered significant at p < 0.05 (*) and p < 0.01 (**). Error bars show SEM. 
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